soybean nodules tested, but the absence of both parental strains in these nodules suggests that plasmid transfer had occurred in the soil, in the rhizosphere, or on the root surface. Transfer of degradative plasmid pJP4 was also evaluated in nonsterile soil by using B. japonicum USDA 438 as the plasmid donor and several Bradyrhizobium sp. strains as recipients. Plasmid pJP4 was transferred only when strains USDA 110-ARS and 3G4b4-RS were the recipients. The plasmid transfer frequency was highest for strain 3G4b4-RS (up to 7.4 x 10-6). Mercury additions to soil, ranging from 10 to 50 ,ug/g of soil, did not affect population levels of parental strains or the plasmid transfer frequency.
Advances in recombinant DNA technology have led to the construction of microorganisms with enhanced capabilities and novel characteristics. Introduction of these genetically engineered microorganisms (GEMs) into the environment to accomplish specific objectives holds great promise, but also demands careful assessment of the potential risks associated with their deliberate release (3) . Proposed uses for GEMs include the degradation of xenobiotic compounds, metal sequestration, protection against plant pathogens, and nitrogen fixation (3) . While there is a growing body of information pertaining to the survival and efficacy of GEMs that have been introduced into natural environments (5, 10) , the need to study transfer of DNA from GEMs to associated indigenous microorganisms is indicated by evidence of horizontal gene transfer among bacteria in some environments (14) .
Transfer of genetic material from GEMs to indigenous microorganisms must be studied in complex natural environments, under realistic conditions of substrate concentration and microbial population densities, if the data are to have some predictive value. The few studies carried out thus far in nonsterile soil habitats have dealt with DNA transfer to and among soil bacteria belonging to the genera Bacillus, Pseudomonas, Streptomyces, and Rhizobium (6, 16, 17, 21) . The rhizobia are of particular interest as GEMs, since the introduction of engineered strains into agricultural soils could lead to enhanced nitrogen fixation in association with legume crops, together with lowered fertilizer inputs and positive environmental impacts. The results of a previous study (6) provided the first example of transfer of genetic material between strains of fast-growing rhizobia in nonsterile soil. The objectives of this study were threefold: to detect the transfer of plasmid DNA between slowly growing rhizo-* Corresponding author. 
MATERUILS AND METHODS
Strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . Escherichia coli strains were grown at 37°C on Luria-Bertani medium (13) . Bradyrhizobium strains were grown at 28°C on AG medium (12) . Plasmids pJP4 and r68.45 were transferred by patch matings from E. coli strains to Bradyrhizobium japonicum USDA 438 and USDA 123, respectively (6) . The selective media used to isolate transconjugants contained the following filter-sterilized antibiotics and metal (Sigma Chemical Co., St. Louis, Mo.): kanamycin (50 ,ug/ml), rifampin (50 ,ug/ml), streptomycin (1,000 jg/ml), and HgCl2 (10 ,ug/ml). Cycloheximide and pimaricin at concentrations of 100 and 50 ,ug/ml, respectively, were added to media during isolation of rhizobia from soil or nodules. Soil. The Waukegan silt loam soil used has been described previously (8) . The soil was autoclaved to eliminate its large bradyrhizobium population and then mixed with 10% Monmouth sandy loam, a naturally occurring soil free of soybean-nodulating rhizobia (12) . After mixing, the moisture content of the composite soil was adjusted to 30%, and the soil was covered and incubated at room temperature (26 to 28°C) with weekly mixing to establish a natural soil population. The composite soil was also free of soybean-nodulating rhizobia, as determined by plant nodulation analyses. Soil was sterilized, when necessary, by autoclaving 350-g aliquots for 1 h incubating the preparations for 24 h, and autoclaving them a second time for 1 h.
Microcosms. Two experimental systems were used, as described previously (6) . Large microcosms contained 350 g of soil and were planted with surface-sterilized soybean seeds (Glycine max cv. Hodgson 78). The large microcosms were kept in a growth chamber and watered as described previously (6) . Small microcosms consisted of 160-ml milk dilution bottles containing moist soil equivalent to 10 g (dry weight) of soil. The moisture content of the soil was adjusted to 30%, and the soil was incubated at 28°C in a humid growth chamber with loose caps on the bottles. The soil moisture content was maintained by weighing the bottles and adding sterile distilled water as needed. Inoculant strains of rhizobia for both microcosms were grown in 10-g aliquots of sterile soil as described previously (6) .
Isolation and enumeration of bradyrhizobia. Bradyrhizobia were isolated and identified from nodules and soil and were enumerated in soil by using extraction procedures, plating on selective media, and strain-specific fluorescent antibodies, as described previously (6) . Enumeration data are expressed below in terms of the oven dry weight of the soil.
Plasmid transfer in soil. In the small-microcosm studies, matings were done by using B Transconjugants were recovered from the soil extracts by plating preparations on AG medium plates amended with rifamycin, streptomycin, and kanamycin. The effect of organic soil amendments on plasmid transfer frequency was evaluated by adding 1.0% ground dried soybean herbage, designated soybean meal (SBM).
By using the donor and recipient strains described above with soil contained in the large microcosms, it was possible to examine the potential transfer of r68.45 in the rhizosphere and within nodules of soybean plants. Transconjugants were isolated from nodules and from rhizosphere soil extracts obtained from plant roots at flowering time (approximately 60 days). All of the soil in the large microcosms was considered rhizosphere soil because of extensive plant root growth. Putative transconjugants were confirmed by determining antibiotic resistance, strain-specific fluorescent antibody, and plasmid profiles (6) .
The plant growth cycle was repeated three times with the same soil. After removal of the soybean root systems and sampling of the rhizosphere soil, additional composite soil was added to bring the final soil weight to 350 g. This soil was placed back into a sterile microcosm and replanted with soybeans. No additional rhizobial inoculum was added.
Transfer of plasmid pJP4 was also examined in the small microcosms by using B 
RESULTS AND DISCUSSION
Transfer of r68.45 in bulk soil. Transfer of plasmid r68.45 to B. japonicum USDA 127-RS and Bradyrhizobium sp. strain 3G4b4-RS was found to occur in soil ( Table 2) . Plasmid transfer to strain USDA 127-RS was found only in sterile soil containing SBM additions, whereas transfer to strain 3G4b4-RS was found in nonsterile soil amended with SBM at days 7 and 14. The peak transconjugant numbers and conjugation frequencies for both recipients occurred between 7 and 14 days. After 28 days, the transconjugant numbers dropped below the detection limit, except for strain 3G4b4-RS in sterile soil containing SBM. Transconjugants of strain USDA 110-ARS were never detected (data not shown). The soil populations of all parental strains also declined after 28 days.
Similar stimulatory effects on plasmid transfer frequencies in sterile soil and in soil containing SBM were reported in a previous study describing symbiotic plasmid transfer between Rhizobium leguminosarum strains in soil (6) . In our study, addition of SBM or the use of sterile soil increased parental numbers, transconjugant numbers, and conjugation frequency. The addition of SBM appeared to have a greater effect than the use of sterile soil on plasmid transfer frequency, as shown by the transfer rates to strain 3G4b4-RS at days 7 3G4b4-RS in SBM-amended soil ranged up to 9.1 x 10', exceeding previously reported in vitro rates of transfer of r68.45 to several B. japonicum strains (9) . Transfer of r68.45 in the rhizosphere. We also examined whether plasmid r68.45 was transferred between Bradyrhizobium strains in the soybean rhizosphere (Table 3) . Four sequential plant cycles were done. Since similar population levels of parental and transconjugant microorganisms occurred at the end of each cycle, only the results from the first cycle are shown in Table 3 . Transconjugants were recovered from rhizosphere soil when strains USDA 127-RS and 3G4b4-RS were the recipients, and the plasmid transfer rates in the rhizosphere were higher than previously reported in vitro transfer rates (9) . The highest frequency of plasmid transfer (2.6 x 10-') occurred when B. japonicum USDA 123 was the plasmid donor and Bradyrhizobium sp. strain 3G4b4-RS was the recipient. The effect of the rhizosphere on plasmid transfer clearly exceeded the effect of SBM additions observed in the small microcosms. Previous reports have described stimulatory effects of plant rhizospheres on transconjugant numbers and the frequency of transfer of plasmid RP4 between Pseudomonas strains compared with the plasmid transfer frequency in bulk soil (18) (19) (20) . This, however, is the first report of rhizosphere stimulation of plasmid transfer between bradyrhizobia in nonsterile soil.
The high frequency of nodule occupancy by more than one rhizobium strain in field-grown legumes indicates that there is potential for plasmid transfer within legume nodules (8) . In our study, however, there was no evidence of plasmid transfer within soybean nodules. More than 500 nodules were examined for the presence of transconjugants. A total of seven nodules containing transconjugants of strain USDA 127-RS were found on soybean plants growing in three different microcosms. None of these nodules, however, contained either parental strain, suggesting that preformed transconjugants nodulated the plants. If plasmid transfer had occurred in the nodules, both parental strains and transconjugants would have been expected to occur within a single nodule. This finding is in contrast to the results of two previous studies which described the possible transfer of RP4 and a symbiotic plasmid within legume nodules (4, 11) . The difference may be explained by the fact that in both of the previous reports, plasmid transfer between fast-growing APPL. ENvIRON. MICROBIOL. Rhizobium sp. strains was examined in highly artificial systems; both plants and rhizobia were grown on agar slants under sterile conditions with very high initial inoculum levels.
Although transconjugants of strain 3G4b4-RS were recovered from rhizosphere soil, no nodules were formed by the transconjugants, even after four cycles of plant growth in the same soil (Table 3 ). This is in contrast to the transconjugants of strain USDA 127-RS which were recovered from soybean nodules. Strain 3G4b4, originally isolated from a peanut nodule and classified as a Bradyrhizobium sp., does not nodulate soybeans (1); however, it is serologically related to B. japonicum (13a) . One purpose of our study was to determine whether strain 3G4b4-RS could gain the characteristics necessary for soybean nodulation as a member of a soil consortium ofB. japonicum strains. Nodulation genes in B. japonicum USDA 123 are chromosomally located, and plasmid r68.45 has a known chromosome-mobilizing ability (2) . In this case, however, either the chromosome-mobilizing rate was too low to be detectable or strain 3G4b4-RS requires more than the transfer of a few genes to acquire the ability to nodulate soybeans.
Transfer of pJP4 in bulk soil. The transfer rates of plasmid pJP4 in nonsterile soil, as determined by acquisition of mercury resistance, are shown in transconjugants revealed apparent size reductions of the plasmid (data not shown). Since pJP4 is a relatively large plasmid, it may be unstable in rhizobia under nonselective conditions. Transfer of Hg resistance determinants from indigenous soil bacteria is not likely since Hg-resistant rhizobia were never recovered from control soils.
Mercury additions had no apparent stimulatory effect on transfer frequencies or population levels of transconjugants (Table 4) . However, the amount of available mercury may have been reduced by sorption by the high organic matter content of the soil, or active mercury reduction and volatilization by microorganisms may have decreased the total mercury levels. At the highest level of Hg addition tested, parental population levels did decrease slightly in some cases, as did the number of transconjugants.
Our results are the first reported instance of gene transfer among bradyrhizobium strains in nonsterile soil. Surprisingly, the transfer rates of plasmid r68.45 in bulk and rhizosphere soils were higher than the previously reported in vitro transfer rates. As in previous studies which examined plasmid transfer in soil, additions of organic material or the presence of plant roots had stimulatory effects on transfer (6, 19) . Despite the relatively high rates of r68.45 transfer in both bulk and rhizosphere soils, plasmid transfer was not detected within soybean nodules.
